I. INTRODUCTION
Over the last several years, the explosive growth of molecular imaging has led to the development and widespread use of small animal models that mimic human disorders ͑neuro-degenerative diseases, tumor growth, and neuropsy chiatric disorders͒. 1, 2 The increasing number of studies performed on animal models has stimulated the development of new imaging tools adapted to the particular constraints of in vivo studies in small animals. The coupling of animal models of human disease with advances in the imaging technology makes it possible for the early detection, diagnosis, and treatment of disease. Single photon emission computed tomography ͑SPECT͒ enables noninvasive investigations of biological processes in vivo. Compared with other small-animal imaging modalities, SPECT has been relatively underdeveloped, and it is likely that significant advances can be made, especially for imaging of small volumes ͑e.g., the heart or brain versus whole-body mouse imaging͒. See Ref. 3 for a review of small animal SPECT. The state-of-the-art small animal SPECT is the pinhole system combined with an iterative image reconstruction algorithm.
A single pinhole system has its drawbacks. One problem is the cone-beam imaging geometry of the single pinhole, which does not provide a complete data set for an artifactfree quantitative reconstruction as the detector rotates around the object in a planar orbit. The severity of the artifact is proportional to the cone angle of the pinhole in the axial direction. The proposed skew-slit collimator is an extension of the pinhole collimator and thus shares the drawback of data insufficiency. However, the skew-slit collimator has an advantage of independent cone angles in the axial and transaxial directions. A large cone angle in the transaxial direction is used to increase image magnification, and a small cone angle in the direction of axis of detector rotation in order to reduce the data insufficiency artifacts.
The commonly used imaging reconstruction in the small animal SPECT is the iterative maximum likelihood expectation maximization ͑ML-EM͒ algorithm 4 or ordered subset expectation maximization ͑OS-EM͒ algorithm. 5 Although iterative algorithms better model the statistics, attenuation, geometric response, and scatter and thus provide more accurate reconstructions, an analytical algorithm can often be implemented more efficiently than an iterative algorithm and provides quicker processing of the acquired data. Also, analytical algorithms are more helpful in understanding the inversion problem and for theoretic study of error propagation. However, since no exact analytical algorithm exists due to the data insufficiency, a Feldkamp, Davis, and Kress ͑FDK͒-type 6 algorithm has been developed to reconstruct the image in this work. While the artifacts do not diminish in the FDK-type algorithm, it can be seen that the skew-slit collimator system with the proposed reconstruction algorithm significantly reduces artifacts. In order to acquire a sufficient data set, three-dimensional ͑3D͒ trajectories are required, for instance, a helical geometry. 7 Successful attempts at using multiple pinholes have been reported to increase detection sensitivity without sacrificing spatial resolution. [8] [9] [10] [11] [12] [13] It is straightforward to extend the idea of using a multiple pinhole collimator to using a multiple-skew-slit collimator. The multiple skew-slit system has one vertical slit and a few horizontal slits. The horizontal slits make multiple copies of the projection images in the direction of axis of rotation. Since these copies have irregular shifts in the direction of the axis of rotation, spatial resolution is also increased in the direction of the axis of rotation. The use of a multislit collimator, as the use of a multiple pinhole collimator, can further reduce data insufficiency artifacts for off-center regions. In the simulation work a linear combination of the reconstruction images from different horizontal slits is used to get a more satisfying image than obtained with the single skew-slit collimator.
Another system for small animal SPECT is to make use of the linograms.
14 Recent work of Walrand et al. 15 suggested a high-resolution system. However, its imaging geometry is a fan-beam rather than a cone-beam one. The fan-beam geometry does not have any image magnification in the axial direction.
II. SYSTEM CONFIGURATION
In a conventional pinhole imaging system, the cone angle ͑also known as pinhole acceptance angle͒ is isotropic, and its "footprint" is circular on the detector. In the skew-slit system, the cone angle is determined by two orthogonally oriented slits, as shown in Fig. 1 . The vertical slit, which is parallel to the axis of detector rotation, is positioned very close to the object and controls the image magnification in the horizontal ͑i.e., the transaxial͒ direction. The magnification factor is the ratio of the distance from the slit to the detector to the distance from the slit to the object. The hori- 
FIG. 2.
The projections of a sphere in the pinhole collimator system ͑circle͒ and in the skew-slit collimator system ͑ellipse͒. The skew-slit collimator system is obtained from the pinhole collimator system for ͑a͒ by positioning the vertical slit where the pinhole is, and putting the horizontal slit between the vertical slit and the detector. For ͑b͒ by positioning the horizontal slit where the pinhole is, and putting the vertical slit between the horizontal slit and the scanned object.
FIG. 3.
The multiple-skew-slit collimator system ͑b͒ has the same axial resolution and higher sensitivity compared to the multiple pinhole collimator system in ͑a͒. The multiple pinhole collimator system in ͑c͒ has approximately the same detection sensitivity and lower transaxial resolution compared to the multiple-skew-slit collimator system ͑b͒.
zontal slit, which is orthogonal to the axis of detector rotation, is positioned between the vertical slit and the detector. The horizontal slit controls the image magnification factor in the vertical ͑i.e., the axial͒ direction. The proposed setup makes the image magnification in the axial direction smaller than the magnification in the transaxial direction Vertical amplification factor = D2 F2 ,
This system has two orthogonal focal lines. As a special case when F2=F1, the skew-slit system degenerates into a pinhole system. The two orthogonal focal lines become a focal point. There are different approaches to change a pinhole system to a skew-slit system. One is to position the vertical slit where the pinhole is, and put the horizontal slit between the vertical slit and the detector. The other is to position the horizontal slit where the pinhole is, and put the vertical slit between the horizontal slit and the scanned object. The projection of a sphere at one view angle in both the pinhole system and the skew-slit system are illustrated in Fig. 2͑a͒ for the first approach and in Fig. 2͑b͒ for the second approach. The first approach is valid when less artifacts in the axial direction are required. The second approach works when better resolution in the transaxial direction is required. The multiple-skew-slit collimator system is obtained from a corresponding multiple pinhole collimator system as shown in Figs. 3͑a͒ and 3͑b͒ . The multiple-skew-slit design has the same axial magnification as the multiple pinhole system and the maximum possible magnification in the transaxial direction. Using the same acquisition time, the measure of the sensitivity is the total photon count, which can also be approximated by the area of the projection image. Hence, the multiple-skew-slit system has the same axial resolution, higher sensitivity, and better detector usage compared to the multiple pinhole system in Fig. 3͑a͒ . In order to increase the detection sensitivity and detector usage, more pinholes are added to the multiple system, as shown in Fig. 3͑c͒ . Many researchers have attempted to optimize the design of pinholes. [8] [9] [10] [11] [12] [13] It is well known that when projection data overlap due to multiplexing of multiple pinholes, the information content in the projection data is reduced, which makes the image reconstruction problem more illconditioned and more sensitive to noise amplification. 16, 17 Fortunately successful results were obtained with a small degree of overlap. 18 The multiple-skew-slit system and the multiple pinhole system in Fig. 3͑c͒ have approximately the same sensitivity. However, one advantage of the skew-slit system is its better transaxial resolution due to the larger image magnification in the transaxial direction. Another advantage is its easy design. Still another advantage is the regular positioning of the projection images on the detector, making it possible to develop analytical reconstruction algorithms, while the only reconstruction algorithms for multiple pinhole are iterative ones.
In SPECT, the object density to be reconstructed is the distribution of radiopharmaceutical concentration, denoted as a function f͑x͒ with x = ͑x , y , z͒ in the global coordinates. For a specific view angle , there is a detector plane centered at OЈ͑R cos , R sin ,0͒ and perpendicular to OOЈ. A Cartesian coordinates system ͑u , v͒ is introduced in the detector plane centered at OЈ, where the v axis is parallel to and in the same direction as z, and the u axis is in the x-y plane. Note that the ͑u , v͒ system is a local coordinate system, determined by the view angle . For the point A͑u , v͒ in the detector plane at the view angle , there is one and only one line passing through the two slits and ending at A, as shown in Fig. 4 . Let ␣ S 2 be a unit vector along this line pointing from ͑u , v͒ to the object and a͑ , u , v͒ be the intersection point of this line and the vertical slit.The attenuated projection detected at point A is the weighted integral of f along this line, defined as
͑1͒
The divergent projection operator D is defined as 
where ͑x͒ is the attenuation map of the tissue, which can be nonuniform. In this paper, g͑ , u , v͒ = ͑D f͒͑ , u , v͒ are the measured projections, and f is the object to be reconstructed.
III. RECONSTRUCTION ALGORITHM
We now derive an approximate inversion formula for the system defined in the previous section. Assuming the attenuation ͑x͒ is known, Novikov 19 gave an explicit inversion formula to reconstruct an image from parallel projection data. You et al. 20 and Huang et al. 21 extended Novikov's algorithm to the fan-beam geometry. In the well-known FDK algorithm, 5 each fan is angled out of the trajectory plane. The final three-dimensional reconstruction is obtained by summing the contribution to the object from all the tilted fan beams. A similar approach is used here to develop an algorithm for attenuated data.
We introduce the rotated coordinates
where h = ͑F2−F1͒ · z / ͑F2−s͒ is the height of the projection of a͑ , u , v͒ on the z axis and can also be denoted as h = −͑F2−F1͒ · v / D2. Let D1 be the distance from the vertical slit to the detector. We obtain D1=D2+͑F2−F1͒. In the tilted fan, the size of the fan and the coordinate system of the reconstructed point change, as in Fig. 5 : 
where ␤Ј= ͑cos͑Ј + tan −1 ͑tЈ / ͑F1Ј − sЈ͒͒͒, sin͑Ј + tan −1 ͑tЈ / ͑F1Ј − sЈ͒͒͒. To return the reconstruction to the coordinates system ͑t , s , p͒, we substitute tЈ = t, sЈ / ͱ F2 Re
2 / ͑F1−s͒͒͒ and v =−D2/͑F2−s͒͑p + h͒, where ٌ denotes the divergence of a two-dimensional vector.
IV. SIMULATION RESULTS
We chose the simulated Defrise phantom represented by a 257ϫ 257ϫ 257 matrix for the numerical study. The phantom is composed of five ellipsoids. Each ellipsoid has axes of 10, 10, and 1.5 units in the x,y,z directions. The center ellipsoid is centered at ͑0,0,0͒. The distance between the centers of the two adjacent ellipsoids is five units.
The attenuation map consists of two ellipsoids, centered at ͑0,0,0͒ and ͑2,2,−1͒ with axes ͑10,10,10͒ and ͑4,4,3͒, respectively. The attenuation coefficient is 0.07/units in the second ellipsoid and 0.04/units outside the second ellipsoid and inside the first ellipsoid. The transaxial and axial section plane are shown in Fig. 6 . Attenuated projections are measured at 256 different view angles with the detector size being 257ϫ 257 units, where one unit is the image voxel size. If the object has a maximum axis of 3 cm, then one unit is equivalent to 0.3 cm. The attenuation coefficient 0.04 per unit is equivalent to 0.13 cm −1 , which is approximately the attenuation coefficient of water at 140 keV.
Projection data are measured in a single skew-slit collimator system and a single pinhole collimator system, respectively. In the pinhole system we set F1=F2=30 and D2 = 240 for an efficient usage of the detector. The reconstructed image in the x-z plane is given in Fig. 7 . Obvious axial artifacts can be seen in the figure. In the skew-slit system, the resolution of the two systems is the same. We locate the detector at the same position and set F1 = 30, F2 = 54 such that D2 = 216 and the vertical amplification factor is decreased from 8 to 4. The sensitivity of the skew-slit system is thus lower than that of the pinhole system, which is also illustrated in Fig. 2͑b͒ . However the reconstructed image in the axial direction is not degraded. Combined with the effect of the reduced axial artifacts, the reconstructed image is indeed improved, as shown in Fig. 7 . The amplification in the transaxial direction is maintained in this skew-slit configura- tion. The profiles of the reconstructed image in the skew-slit system are drawn in Fig. 8 . It is evident that the attenuation correction is effective.
In the experiment shown above, if we set the distance F2 of the two systems equal, i.e., the two systems have the same vertical amplification factor, and F1 Ͻ F2, such that the horizontal amplification of the skew-slit system is larger than that of the pinhole system, then better resolution can be seen in the reconstructed image for the skew-slit systems. A simple phantom in Fig. 9 demonstrates the different resolutions. In this case the sensitivity of the skew-slit system is greater than the sensitivity of the pinhole system. Images are reconstructed from projection data which are simulated to be measured within the same time and contaminated by the same level of the Poisson noise.
Prompted by the use of the multiple pinhole collimator system, we simulate the multiple-skew-slit collimator system here. In order to compare the results in an iterative algorithm, the Defrise phantom is stored in a 129ϫ 129ϫ 129 matrix. Each ellipsoid has axes of 8, 8, and 0.8 units in the x, y, z directions. The center ellipsoid is centered at ͑0,0,0͒. The distance between the centers of the two adjacent ellipsoids is 4.5 units. Reconstructions from noisy projection data are conducted both in the multiple pinhole collimator system with F1=F2=40 and D2 = 60 and the multiple-skew-slit collimator system with F1 = 20, F2 = 40, and D2 = 60. The three horizontal slits/pinholes are positioned at z =0, z = 13, and z = −13, respectively. Reconstruction is done for each of the three slits/pinholes and weighted. The weighting function chosen here is shown in Fig. 10 . Reconstructed images on the x-z plane are shown in Fig. 11 . The profiles of the reconstructed images at the positions indicated in Fig. 11 are shown in Fig. 12 . It can be seen from the profiles that for those off-center planes, the reconstructed image from three horizontal slits/pinholes is better than that from only one horizontal slit/pinhole. It validates the foregoing statement that the multiple-skew-slit and the multiple pinhole systems are able to reduce the artifacts associated with the large cone angle.
Iterative simulation results are also presented for both the multiple pinhole collimator system and the multiple-skewslit collimator system. The ML-EM 22 algorithm is adopted in the simulation. Results after ten iterations are shown in Fig.   13 . Fewer artifacts are observed in these images than in the images reconstructed with the analytical algorithm. However, the computational load of the iterative algorithm is much larger. For instance, the above iterative reconstruction required 60 times more computation time than the corresponding analytic reconstruction.
V. CONCLUSION
This work promotes the development of novel technology in small animal imaging. We developed a reconstruction algorithm for a high sensitivity small animal SPECT system with an innovative multiple-skew-slit imaging geometry. Simulation results show that the proposed algorithm gives satisfactory reconstructions.
In the single-skew-slit collimator system, the reconstructed image is compared with that in the single pinhole collimator system. Axial artifacts are reduced in the former. However, there is no theoretical guide on how to position the vertical slit and the horizontal slit optimally. Generally speaking, the larger the ratio of horizontal amplification factor and vertical amplification factor, the better the artifact suppression.
The multiple-skew-slit collimator is used to improve the sensitivity of the single-skew-slit collimator. Weighted sum of the reconstructed images from different horizontal slits results in a better reconstruction than when only one horizontal slit is used. Further effort will be made to find a more efficient way of weighting.
